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FOREWORD 

This report covers the program conducted under Contract No. NAS1-9524 , 
Control No. 132-221 from October 1969 to May 1971 under the technical direction 
of Mr. R .  L. Wright. The experimental program was conducted in the Hypervelocity 
Wind Tunnel of the Vought Aeronautics Company, Dallas, Texas and the analysis 
was performed at the Department of Aerospace Engineering and Engineering Mechan- 
ics of the University of Texas at Austin. 
appreciation to Mr. J. L. Lindsey of Vought Aeronautics Company for his design 
and direction of the fabrication of the test models, and to M r .  J. L.'Zickler 
of the University of Texas at Austin for his contribution to the analysis 
effort. 
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A STUDY OF BOUNDARY LAYER TRANSITION 

ON OUTGASSING CONES I N  HYPERSONIC FLOW 

By C. J. Stalmach, Jr., J. J. B e r t h * ,  
T. C. Pope and M. H. McCloskey** 

Vought Aeronautics Company 
Dallas, Texas 

SUMMARY 

Surface heat- t ransfer  rates and pressures  were measured at  hypersonic 
speeds on sharp cones a t  zero angle of a t t a c k  with and without gas in j ec t ion .  
Che non-injection r e s u l t s  were employed as reference data f o r  t h e  d e f i n i t i o n  
,f the effects of surface roughness and i n j e c t a n t  rate, d i s t r i b u t i o n  and com- 
Dosition on heat ing and t r a n s i t i o n  locat ion.  For a given mass in j ec t ion  rate 
;he t r a n s i t i o n  loca t ion  was  s e n s i t i v e  t o  t h e  in j ec t ion  d i s t r ibu t ion .  
; rans i t ion  Reynolds numbers were s i g n i f i c a n t l y  g rea t e r  when t h e  i n j ec t ion  dis- 
t r ibu t ion  w a s  constant than when t h e  d i s t r i b u t i o n  decreased rap id ly  wi th  dis- 
iance from t h e  apex. S imi l a r ly  t h e  measured heat- t ransfer  d i s t r i b u t i o n s  were 
itrongly dependent upon the  in j ec t an t  d i s t r i b u t i o n .  Trans i t ion  Reynolds number 
- e su l t s  obtained during t h i s  program wi th  a va r i ab le  in j ec t ion  d i s t r i b u t i o n  
:ompared favorably with t h e  limited amount of  data ava i lab le  f o r  a degrading 
iodel tested i n  a d i f f e r e n t  f a c i l i t y .  
:onstant i n j e c t i o n  d i s t r i b u t i o n  wdre cor re la ted  w i t h  earlier wind tunnel  r e s u l t s .  
9 empir ical  co r re l a t ion  of heat t r a n s f e r  reduction due t o  gas i n j e c t i o n  i n  
,urbulent flow served w e l l  f o r  both d i s t r i b u t i o n s  tested. Several  effects of 
Lass addi t ion  on heat ing and t r a n s i t i o n ,  which have been earlier reported,  
'ere observed. The simulation employed f o r  t he  study of  surface roughness 
equires  f u r t h e r  refinement s ince  t h e  heat ing data and t h e  measured surface 
lressures were s i g n i f i c a n t l y  a f fec ted  by t h e  cavi ty  e f f e c t  of the  roughness 
lements used i n  the present program. 

The 

The t r a n s i t i o n  measurements f o r  a 

INTRODUCTION 

Boundary l a y e r  t r a n s i t i o n  at  supersonic and hypersonic speeds has become 
f increased i n t e r e s t  because of  i t s  importance i n  t h e  design of space vehic les  
nd hypersonic i n l e t s .  The design of hea t  shields f o r  space vehic les  has been 
ecessa r i ly  conservative and highly speculat ive because t h e  loca t ion  of t ran-  
Ftion is  d i f f i c u l t  t o  def ine  and the heat t r a n s f e r  i s  s t rongly  dependent upon 
he state of t he  boundary layer .  
zthods t o  better p red ic t  t h e  loca t ion  of  t r a n s i t i o n .  

Thus, it i s  necessary t o  continue t o  seek 

*Consultant, Assis tant  Professor ,  Dept. of Aerospace Engineering and 

**Consultant, Research Ass is tan t ,  Dept. of Aerospace Engineering and 
igineering Mechanics, The Universi ty  of Texas at Austin. 

igineering Mechanics, The University of Texas at Austin. 
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A thteoretical  predict ion of t r a n s i t i o n  i s  almost impossible because of the 
complexity of t h e  t r a n s i t i o n  process and t h e  l a rge  number of important param- 
e t e r s .  Therefore, cor re la t ions  of ava i lab le  experimental da ta  have been sought 
t o  pred ic t  values of t h e  t r a n s i t i o n  Reynolds number. I n  obtaining the  experi- 
mental da ta ,  it would be desirable t o  simulate i n  a s ing le  f a c i l i t y  a l l  of the 
per t inent  parameters experiences i n  f l i g h t ,  but t h i s  is  not poss ib le  because 
of t h e  l imi ta t ions  of ground f a c i l i t i e s .  
parameter i s  s tudied by carefu l ly  varying t h e  parameter of i n t e r e s t  while 
attempting t o  hold t h e  o ther  parameters constant.  The l a rge  number of param- 
eters and t h e i r  interdependence has caused an experimental inves t iga t ion  of a 
s ing le  parameter t o  be d i f f i c u l t .  
many of t he  contradictory conclusions which appear i n  t h e  l i t e r a t u r e .  
problem i s  fu r the r  complicated s ince  boundary-layer t r a n s i t i o n  has been r e l a t e d  
by some invest igat ions t o  noise radiated from the  tunnel  boundary layer .  

Thus, t h e  e f f e c t  of an individual  

Multiple parameter va r i a t ion  has l e d  t o  
The 

Factors which a f f e c t  t h e  t r a n s i t i o n  Reynolds number on cones i n  supersonic 
and hypersonic flow include (but  are not l imi ted  t o ) :  

(1) loca l  Mach number, 
( 2 )  l o c a l  u n i t  Reynolds number, 
( 3) wall-to-recovery temperature r a t i o ,  
( 4 )  d i s t r i b u t e d  surface roughness (such as a charred su r face ) ,  
( 5 )  gaseous in j ec t ion  i n t o  the  boundary l aye r  ( including rate and 

molecular weight of t h e  in jec ted  gases). 

A b r i e f  review of these  t rans i t ion- re la ted  parameters and t h e i r  expected 
e f f e c t  on t h e  t r a n s i t i o n  loca t ion  follows t o  suggest poss ib le  co r re l a t ion  
parameters . 

(1) Local u n i t  Reynolds number - S t a b i l i t y  theory ind ica tes  t h a t  t h e  t ran-  
s i t i o n  Reynolds number may depend upon t h e  l o c a l  u n i t  Reynolds number, 
i f  a physical  wavelength spectrum of disturbances remains f a i r l y  con- 
s t a n t  over a range of operating conditions ( ref .  1). Numerous inves- 
t i g a t o r s  (e .g . ,  Stainback, ref. 2 and Everhart and Hamilton, ref. 3) 
have observed an increase i n  t h e  t r a n s i t i o n  Reynolds number wi th  
l o c a l  u n i t  Reynolds number. The u n i t  Reynolds number e f f e c t  observed 
i n  wind tunnels  has of ten  been associated with aerodynamic noise  
rad ia ted  from t h e  tunnel-wall boundary l aye r  (refs. 4 and 5 ) .  
t r a n s i t i o n  data obtained 'by Po t t e r  ( r e f .  6 )  i n  a b a l l i s t i c  range where 
s ign i f i can t  free-stream disturbances were absent exhibi ted a u n i t  
Reynolds number e f f e c t  comparable t o  t h a t  observed i n  conventional 
wind tunnels.  

However, 

( 2 )  Local Mach number - Although t h e r e  a r e  exceptions (e.g.  , ref. 21, 
ground test  data ind ica t e  a marked increase of  t r a n s i t i o n  Reynolds 
number with loca l  Mach number a t  moderate supersonic t o  hypersonic 
Mach numbers. 

( 3 )  Surface temperature - The s t a b i l i t y  of a laminar boundary l aye r  has 
been found t o  be s ign i f i can t ly  a f fec ted  by heat ing o r  by cooling 
(usua l ly  indicated parametr ical ly  by a temperature r a t i o ,  o r  enthalpy 
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r a t i o ,  such as Tw/Tr o r  Tw/Te). Lees (ref. 7)  found t h a t  hea t - t ransfer  
from t h e  f l u i d  t o  t h e  w a l l  s t a b i l i z e d  a laminar boundary l aye r  f o r  two- 
dimensional disturbances and t h a t ,  i f  t h e r e  is  a s u f f i c i e n t  amount of 
cooling, t he  boundary l aye r  could be completely s t a b i l i z e d .  Reshotko 
(ref. 8) presents  data supporting t h e  t r end  toward complete stabili- 
zation. 
observed t h a t ,  f o r  conditions outs ide  t h e  pred ic ted  region of complete 
s t a b i l i z a t i o n ,  t r a n s i t i o n  did occur (as expected), bu t  at r e l a t i v e l y  
high Reynolds numbers. 

Using t h e  f l i g h t  data of Rumsey and Lee (ref.  91, Reshotko 

However, the  unqual i f ied  predic t ion  that  cooling s t a b i l i z e s  t he  
boundary l aye r  must be considerably modified because of  t h e  exis- 
tence of  unstable higher modes, which are not s t a b i l i z e d  by cooling 
t h e  w a l l  (Mack, ref. 10 ) .  Another f a c t o r  which could cont r ibu te  t o  
the  t r a n s i t i o n  r eve r sa l  t h a t  has been observed by numerous workers as 
the  model is  "cooled" (e.g., ref. 11 and ref. 12)  i s  t h e  r e l a t i v e  
increase  due t o  cooling i n  t h e  magnitude of disturbances from fixed 
roughness (ref. 13). Since both e f f e c t s  could be present ,  problems 
i n  t h e  i d e n t i f i c a t i o n  of t rends  due t o  w a l l  temperature v a r i a t i o n s  
cont r ibu te  t o  the confusion i n  the literature. 

A f u r t h e r  complication i s  associated w i t h  wind tunnel  data. 
low value of Tw/Tr may be obtained either by cooling t h e  w a l l  o r  by 
hea t ing  the  test gas, a l t e r n a t i v e  e f f e c t s  may arise. Wagner, e t  a1 
(ref. 4), noted tha t  reducing Tw/Tr by heat ing  t h e  flow s i g n i f i c a n t l y  
decreased Rex,tr, poss ib ly  because of  nonuniform mixing of t h e  supply 
gas i n  the  stagnation chamber. 
occurred i n  the range 1.0s Tw/TrS 1.2, which i s  a spec ia l  case with 
heat t r a n s f e r  from t h e  model t o  t h e  f l u i d .  
Maddalon (ref. 14) la ter  showed t h a t  temperature spotiness i n  moder- 
a t e l y  heated hypersonic tunnels (helium) apparently does not e f f e c t  
t r a n s i t  ion l o c a t  ion. 

Since a 

The decrease i n  Rex,tr noted by Wagner 

The data reported by 

(4) Vehicle sur face  f i n i s h  - The effects of surface. roughness f o r  a par- 
t i c u l a r  vehicle are d i f f i c u l t  t o  assess. Cer ta in ly ,  roughness repre- 
sen t s  a disturbance t o  t h e  flow and roughness elements have o f t en  
been used t o  f i x  t h e  point of t r a n s i t i o n  on models i n  t h e  wind tunnel.  
The e f fec t iveness  of roughness i n  promoting premature t r a n s i t i o n  has 
been found t o  depend on the Mach number (ref. 15 )  as w e l l  as the  s i z e ,  
the shape, and t h e  d i s t r i b u t i o n  of  roughness elements. Van Driest and 
Blumer  (ref.  16) derived an empirical  r e l a t i o n ,  which w a s  very sensi-  
t i v e  t o  the temperature r a t i o ,  t o  def ine  t h e  e f f e c t i v e  roughness height. 

However, m a n y  f l i g h t  vehic les  of i n t e r e s t  have r e l a t i v e l y  "smooth" 
f in i shes .  The measured sur face  roughness depends r a d i c a l l y  on t h e  
measurement technique (ref.  17) . 
those unrecorded) which could occur during handling and/or during 
the f l i g h t  present problems i n  data ana lys i s .  Degrading a b l a t i v e  
thermal pro tec t ion  systems r e s u l t  i n  an i l l -def ined ,  time-dependent 
roughness. Wilkins and Tauber ( ref .  18) observed well-defined sur- 
f ace  pa t t e rns  ( s i m i l a r  t o  turbulence wedges) downstream of small 

Inadvertant blemishes ( p a r t i c u l a r l y  
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i r r e g u l a r i t i e s  premachined i n t o  p l a s t i c  models. Analyzing data 
from blunt  vehic les ,  Hearne, e t  al, (ref.  19 )  concluded, "There 
is a general  t r end  f o r  a reduced Ree a t  t r a n s i t i o n  w i t h  increase  
i n  sur face  roughness, but t h e  influence is not strong". 

( 5 )  Gaseous in j ec t ion  i n t o  the  boundary l aye r  - It is  obvious t h a t  t h e  
in j ec t ion  of ab la t ion  products i n t o  the boundary l aye r  introduces a 
des t ab i l i z ing  disturbance. However, 8n increase  i n  in j ec t ion  rate 
normally r e s u l t s  i n  a lower surface temperature which tends t o  sta- 
b i l i z e  a laminar boundary layer. The in j ec t ion  of heavy molecules 
should produce an e f f e c t  similar t o  cooling, i . e . ,  an increase  i n  
t h e  density of t h e  gas near t h e  surface. The counterbalancing of 
such s t a b i l i z i n g  and des t ab i l i z ing  e f f e c t s  associated w i t h  i n j ec t ion  
has been observed experimentally by Scot t  and Anderson (ref. 20) .  
Using a porous cone w i t h  a sharp,  s o l i d  t i p ,  t h e  t r a n s i t i o n  Reynolds 
number w a s  found t o  decrease w i t h  increased in j ec t ion  ( i n i t i a l l y  more 
f o r  helium than f o r  a i r  per  u n i t  change of i n j ec t ion  rate).  However, 
f o r  a f ixed  i n j e c t i o n  rate, it was found t h a t  precooling t h e  in j ec t an t  
muted the  des t ab i l i z ing  e f f e c t  of gas in j ec t ion  t o  t h e  poin t  t h a t  
i n j e c t i o n  of r e l a t i v e l y  cool helium re su l t ed  i n  a t r a n s i t i o n  Reynolds 
number greater than the  no-blowing value. Additional s tud ie s  of 
t r a n s i t i o n  have been conducted w i t h  a uniform gaseous i n j e c t i o n  
d i s t r i b u t i o n  f o r  porous cones with sharp,  s o l i d  t i p s  (refs. 21 and 22) .  
The sharp-cone t r a n s i t i o n  Reynolds number decreased s i g n i f i c a n t l y  with 
increasing i n j e c t i o n  rate and w i t h  decreasing molecular weight of t h e  
in j ec t an t .  

I n  a study of the  combined f i l m  and t r a n s p i r a t i o n  cooling e f f e c t s  on 
a s l i g h t l y  blunted cone (ref. 231, premature t r a n s i t i o n  due t o  in- 
j e c t a n t s  w a s  observed. By r e l a t i n g  t h e  data of ref.  23 t o  t r a n s i -  
t i o n  loca t ions  observed previously i n  t h e  Vought Aeronautics Company 
Hypervelocity Wind Tunnel using d i f f e r e n t  models, t h e  e f f e c t  of the  
i n j e c t a n t s  could be estimated. For a given mass of i n j e c t a n t  t he  
reduction i n  t r a n s i t i o n  Reynolds number observed w i t h  a nonuniform 
i n j e c t i o n  d i s t r i b u t i o n  w a s  g rea t e r  than had been observed by o the r s  
with uniform in j ec t ion .  
obtaining t r a n s i t i o n  measurements which r e f l e c t  the  i n j e c t i o n  dis- 
t r i b u t i o n  without varying model geometries. 

The data underlined the  d e s i r a b i l i t y  of 

Other s tud ie s  of t h e  e f f e c t  of m a s s  addi t ion  on boundary l aye r  
t r a n s i t i o n  have used models made of low-temperature melting/subliming 
materials, such as paradichlorobenzene (refs.  24 and 25) o r  camphor 
(ref. 26). Although t h e  authors of refs. 24 and 25 found t h a t  t h e  
t r a n s i t i o n  Reynolds numbers were lower f o r  t h e  ab la t ing  cones, t h e  
high molecular weight i n j ec t an t  of ref. 26 gave "no s i g n i f i c a n t  
e f f e c t s  of ab la t ion  f o r  t hese  t e s t  conditions". 

During t h e  cur ren t  study heat-transfer-rate and surface-pressure dis t r i -  
butions were measured i n  t he  Vought Aeronautics Company Hypervelocity Wind Tun- 
ne l  using both nonporous and porous conica l  models. The quan t i t a t ive  data 
supplemented by shadowgraphs were used t o  determine t h e  e f f e c t s  of i n j e c t i o n  
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(including i n j e c t a n t  p rope r t i e s ,  mass-injection rate, and mass-injection d i s t r i -  
bu t ion)  on t h e  surface pressures,  t he  hea t - t ransfer  rates and t h e  t r a n s i t i o n  
loca t ions  at  a nominal. freestream Mach number of 12. 

More d e t a i l e d  discussions of the  data ana lys i s  performed at t h e  University 
of Texas are given i n  references 27, 28, and 29. 

EXPERIMEX?TAL APPARATUS, TEST PROCEDURE, AND 
DATA REDUCTION 

The experimental apparatus consisted of t h e  wind tunnel ,  t h e  models, t h e  
i n j e c t a n t  supply system, and t h e  c a l i b r a t i o n  devices. 

Wind Tunnel 

The tes t  program w a s  conducted i n  t h e  Vought Aeronautics Company Hyper- 
ve loc i ty  Wind Tunnel (HVWT) which is  a modified arc-heated f a c i l i t y .  The 
tunnel  provides constant flow p rope r t i e s  f o r  r e l a t i v e l y  long run times by 
means of a variable-volume a r c  chamber. An on-site d i g i t a l  computer was used 
f o r  d a t a  acqu i s i t i on  and reduction. A double-pass flow v i sua l i za t ion  system 
was employed t o  record shadowgraphs of  the model boundary l aye r  and shock 
wave pa t t e rn .  
31. 

A d e t a i l e d  descr ip t ion  of t h e  f a c i l i t y  i s  given i n  refs, 30 and 

Models 

Three b a s i c  sharp-nose conic configurations were tested during t h i s  
program. Two o f  t h e  models had 0.004-inch t h i c k  n icke l  sk in ,  h a l f  angles of 
5 and 12 degrees, and were used t o  obta in  no-injection measurements. 
t h i r d  model was a 12' half-angle cone with an i n j e c t a n t  supply system t o  
allow t h e  passage of gas through t h e  0.008-inch porous, sintered nickel skin. 

The 

The t h i n  sk ins  were prepared f o r  each of the  models i n  a s i m i l a r  manner. 
The sk in  w a s  cu t  from sheet stock and chromel-constantan thermocouple junctions 
were spot  welded t o  the inner  surface.  For t h e  s o l i d  models t h e  sk in  w a s  r o l l e d  
i n t o  a cone and t h e  b u t t  j o i n t  on t h e  12' cone was secured wi th  an e lec t ron  
beam weld and with so lder  on the 5' cone. 
layed on cones which had in su la t ing  sur faces  (nylon f o r  t h e  12' cone and epoxy 
f o r  t h e  5O cone). The thermocouple junctions were centered over 0.125-inch 
diameter holes i n  t h e  body which r e s u l t e d  i n  negl ig ib le  heat loss t o  t he  body 
at t h e  junctions.  The porous sk in  was r o l l e d  i n t o  a cone and joined by elec- 
t r o n  beam welding. 
aluminum wi th  provisions f o r  supplying an in j ec t an t  gas t o  a plenum under t h e  
porous cone. 
var ied  inverse ly  with the  d is tance  from t h e  apex. The model was subsequently 
modified by adding a second instrumented porous sk in ,  separated from t h e  
o r i g i n a l  sk in  by a second plenum, t o  provide a uniform h l e c t a n t  d i s t r i b u t i o n .  

These t h i n  sk in  shells were over- 

This sk in  was f i t t e d  over a conic inner  body machined from 

The s ing le  porous sk in  provided a blowing d i s t r i b u t i o n  which 
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Each model w a s  f i t t e d  with a sharp, nonporous nose sec t ion  nominally 4% 
of t h e  model length.  
so t h a t  a sharp apex would be maintained during t h e  course of t h e  tests. 

These t i p  sections were f ab r i ca t ed  from s t a i n l e s s  steel  

The models had one instrumentation ray  cons is t ing  of c lose ly  spaced thermo- 
couple junctions t o  provide a d e t a i l e d  heat t r a n s f e r  rate d i s t r i b u t i o n .  
r ay  was used t o  obta in  pressure da t a  and f o r  secondary heating measurements. 
The comparison of heat t r a n s f e r  da t a  from t h e  two rays  provided a means f o r  
eva lua t ing  t h e  flow symmetry. 
ducers mounted within t h e  models. 

A second 

The surface pressures were measured with t rans-  

Model dimensional da t a  are given i n  Table I and an i l l u s t r a t i o n  of the 
transducer loca t ions  on a model i s  shown i n  Fig. 1. A drawing showing t h e  
i n t e r n a l  passageways f o r  t h e  i n j e c t a n t  and a photograph of t h e  porous model 
p r i o r  t o  f i n a l  assembly are presented i n  Fig. 2. V i e w s  of two configurations 
mounted i n  t h e  tunnel  may be seen i n  Fig. 3. Fig. 3a shows t h e  bas i c  porous 
model wh i l e  Fig. 3b i s  a photograph of the  porous model with a screen overlay 
which w a s  used during t h e  t e s t s  r e l a t e d  t o  roughness effects. 
study of t h e  e f f e c t s  of roughness was performed with two screen overlays and 
t h e  double-skin porous model. 
i n  Table I B .  

The experimental 

The geometry of t h e  roughness elements i s  defined 

In j ec t an t  Supply System 

The i n j e c t a n t  supply system f o r  t h e  porous model configurations consisted 
of t h e  i n j e c t a n t  r e se rvo i r ,  a r egu la to r  system t o  con t ro l  t h e  mass flow rate, a 
ca l ib ra t ed  metering system t o  measure the flow rate, t h e  model i n t e r n a l  passage- 
way and assoc ia ted  plumbing, and solenoid valves t o  i n i t i a t e  and terminate t h e  
supply of i n j e c t a n t  t o  the  model. 

C a1 i brat ions 

Cal ibra t ions  were conducted t o  obtain t h e  i n j e c t a n t  mass flow rate and t h e  
ve loc i ty  d i s t r i b u t i o n  along t h e  model. The flow rate w a s  determined by measuring 
t h e  i n j e c t a n t  t o t a l  pressure and temperature upstream of a sonic o r i f i c e  of C a l i -  
b r a t ed  e f f e c t i v e  area. 
pressure  and gas used as in j ec t an t .  
gas w a s  measured with a compensating hot wire system which w a s  developed by 
Vought Aeronautics Company t o  provide good reso lu t ion  of  t h e  i n j e c t a n t  velo- 
c i t y  at  low s t a t i c  pressure l eve l s .  
butions are presented i n  Fig. 4 f o r  a nominal i n j e c t a n t  rate of 0.35%. 
sharp "dips" f o r  t h e  A =  1350 survey are loca ted  a t  t h e  pressure o r i f i c e s .  

This  a r e a  w a s  ca l ib ra t ed  as a function of both supply 
The ve loc i ty  d i s t r i b u t i o n  of t h e  in j ec t ed  

Samples of t h e  measured i n j e c t a n t  d i s t r i -  
The 

Test Procedure 

Once t h e  ca l ib ra t ions  described above and t h e  c a l i b r a t i o n s  of t h e  model 
and flow d iagnos t ic  transducers were completed, t h e  test  procedure w a s  as 
follows, The i n j e c t i o n  supply system was set a t  t h e  proper pressure  t o  pro- 
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vide  t h e  desired i n j e c t i o n  rate. 
desired flow condition and, after t h e  energy bank was charged and the data 
channel zeros were recorded on magnetic t ape ,  an automatic run sequence was 
engaged. This sequence ac t iva t ed  t h e  i n j e c t a n t  supply system, i n i t i a t e d  the  
data acqu i s i t i on  program, f i red t h e  tunnel ,  and t r igge red  t h e  spark source f o r  
t he  flow v i sua l i za t ion  system. After t h e  termination of t h e  run, the  sequence 
shutdown a l l  of t h e  tunnel systems and associated equipment. 

The tunnel  was prepared f o r  operation at the  

Data Reduct ion 

The data from t h e  flow diagnostic transducers and t h e  model pressure  and 
heat t r a n s f e r  sensors were acquired by means of a d i g i t a l  computer and were 
s to red  on magnetic tape.  Following a run, the data were re t r i eved  and pro- 
cessed by a data reduction computer program. 
using the  methods described i n  ref. 32. The heat t r a n s f e r  rates were determined 
from computer curve f i t s  of the model temperature time h i s t o r i e s  and t h e  thermal 
mass of  t h e  p a r t i c u l a r  sk in .  

The flow conditions were obtained 

Run Schedule 

A summary of the pe r t inen t  parameters f o r  each run condition is  given i n  
Table 11. 

DISCUSSION OF RESULTS 

Pressure Correlations 

The pressure  measurements f o r  the 12' cones at  a nominal f'reestream Mach 
number of 1 2  and a freestream Reynolds number of 6 x 10 6 per  foot are presented 
i n  Fig. 5. Included i n  t h e  figure are surface pressure measurements which were 
obtained using the s o l i d  model, the  porous model without i n j e c t i o n ,  and the 
porous model w i t h  i n j ec t ion .  Examination of the  pressure d i s t r i b u t i o n s  indi- 
ca t e s  t h a t  mass-injection had l i t t l e  o r  no discernable e f f e c t  on t h e  pressure.  
T h i s  is  cons is ten t  w i t h  t h e  f a c t  t h a t  t h e  displacement th ickness  of t h e  com- 
puted viscous flow d id  not vary s i g n i f i c a n t l y  over t h e  range of mass-injection 
rates. There were some exceptions, such as t h e  low pressure recorded at the  
forward s t a t i o n  f o r  a high i n j e c t i o n  rate. 

The t h e o r e t i c a l  value f o r  the pressure  coe f f i c i en t  a t  the  apex i s  t h a t  
f o r  i nv i sc id  flow of a pe r fec t  gas p a s t  a sharp cone (ref.  33). 
mate the e f f e c t  of t he  expanding f l o w  i n  t h e  conica l  nozzle, t h e  pressure w a s  
assumed t o  decrease l i n e a r l y  from the  value computed f o r  t h e  apex of t h e  model 
i n  accordance w i t h  t h e  r a t i o  of freestream values at t h e  apex and at  t h e  base 
( s o l i d  l i n e  of Fig. 5 ) .  For t h e  conditions of t h i s  t es t  t h e  freestream s t a t i c  
pressure a t  t h e  base was approximately 0.8 of  t h e  freestream s t a t i c  pressure 
at  t h e  apex. 

To approxi- 

The pressure per turba t ions  due t o  viscous i n t e r a c t i o n  have been 
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ca lcu la ted  using t h e  r e l a t i o n s  of Hayes and Probstein (ref.  34) : 

M -- - 1 + 7 Jci P 
'orig 

As would be expected at t h e  high Reynolds numbers of t h i s  program, t h e  e f f e c t  
of viscous i n t e r a c t i o n  i s  r e l a t i v e l y  small. 

An experimental f a i r i n g  of t h e  pressure d a t a  w a s  a l s o  constructed as shown 
i n  Fig. 5. The experimental f a i r i n g  of Fig. 5 was used t o  compute the boundary 
conditions i n  a numerical so lu t ion  of  t h e  viscous layer .  

Heat-Transfer Correlations 

No-inlection, o r  re ference ,  results.- The experimental hea t - t ransfer - ra te  
d i s t r i b u t i o n s  f o r  s i x  of t h e  "no-injection" flow conditions are presented i n  
Fig. 6. 
t i o n  occurred f o r  a l l  four  non-injection test  conditions a t  t h e  higher Reynolds 
number, i .e. ,  conditions 1, 4,  7 ,  and 13, but d i d  not occur f o r  any non-injection 
runs at t h e  lower Reynolds number. 

Using hea t - t ransfer  d i s t r ibu t ions  as a guide, boundary layer t r a n s i -  

For t h e  laminar por t ion  of t h e  model t h e  agreement between t h e  hea t - t ransfer  
measurements along the  two instrumented rays was considered exce l l en t ,  and t h u s ,  
t h e  flow was  c l e a r l y  symmetric. However, within t h e  t r a n s i t i o n a l  flow, s i g n i f i -  
cant d i f fe rences  often ex i s t ed  between the  heating-rates measured a t  a p a r t i c u l a r  
body loca t ion  on t h e  two rays. Furthermore, although t h e  number of thermocouples 
on t h e  
somewhat from one ray t o  t h e  o the r ,  v i z ,  Fig. 6b. 
represent an asymmetry i n  t h e  flow, but rather is a manifestation 
t h a t  t h e  t r a n s i t i o n  process takes  place over a d is tance  and is a nonlinear 
amplification of disturbances.  

h = 135' ray  w a s  l imited,  even t h e  t r a n s i t i o n  "location" may d i f f e r  
This w a s  not believed t o  

of t h e  f a c t  

The t h e o r e t i c a l  laminar heating d i s t r i b u t i o n s ,  which are included i n  Fig. 6 ,  
were ca l cu la t ed  using t h r e e  d i f f e r e n t  methods: 

(1) Ecker t ' s  reference temperature method (ref.  35) with t h e  inv i sc id  
flow proper t ies  assumed constant along t h e  cone and computed using 
t h e  sharp cone value of t h e  pressure ( ref .  33) , designated ERT, TP, 

(2) Eckert s reference temperature method with t h e  i n v i s c i d  flow 
p rope r t i e s  computed assuming an i s en t rop ic  expansion i n  accordance 
with the  experimental pressure d i s t r i b u t i o n  ( e .g . ,  Fig. 5 ) ,  desig- 
nated ERT, EP, and 

( 3 )  a numerical rou t ine  developed a t  t h e  University of Texas t o  solve 
t h e  laminar boundary l a y e r  equations accounting f o r  nonsimilar 
e f f e c t s  which are present ( ref .  36) with t h e  i n v i s c i d  flow proper- 
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t i e s  computed assuming an i s en t rop ic  expansion i n  accordance w i t h  
the  experimental pressure d i s t r i b u t i o n  (Fig.  5 ) ,  designated NONSIMBL, 
EP, and 

( 4 )  t h e  NONSIMBL, TP nomenclature denotes t h e  use of the numerical 
rou t ine  w i t h  t h e  inv i sc id  flow proper t ies  assumed constant and 
computed using the  sharp cone value of t h e  pressure (ref.  33). 

For the  s o l i d  cones, i .e.,  conditions 1 through 6 ,  t h e  agreement between 
t h e  ca lcu la ted  hea t - t ransfer  rates and the measured values i n  t h e  laminar region 
w a s  considered very good. The use of t h e  experimental pressures  s l i g h t l y  im- 
proved t h e  co r re l a t ion  between t h e  ca lcu la ted  and the  measured heat ing rates. 

The two t h e o r e t i c a l  d i s t r i b u t i o n s  based on t h e  experimental pressures ,  
i .e.,  ERT, EP, and NONSIMBL, EP, are almost i d e n t i c a l ,  e.g., Fig. 6b. Such 
c lose  agreement f o r  these "no-injection" computations was not su rp r i s ing ,  s ince  
the  boundary l aye r  f o r  supersonic flow pas t  a sharp cone i s  usual ly  assumed t o  
be " s i m i l a r " .  

For t h e  porous cones t h e  agreement between t h e  ca lcu la ted  and the  mea- 
sured hea t - t ransfer  rates was not considered good except f o r  condition 30, 
i.e., the  lower Reynolds number condition. The experimental d i s t r i b u t i o n  
which c lose ly  follows t h e  t h e o r e t i c a l  d i s t r i b u t i o n  ind ica tes  t h a t  t he  flow 
w a s  laminar at  a l l  po in ts .  
sured hea t - t ransfer  rates was considered s a t i s f a c t o r y  f o r  conditions 7 and 13, 
i.e., the higher Reynolds number condition using a model w i t h  a s i n g l e ,  porous 
skin and with a double, porous sk in ,  respec t ive ly .  Some deviat ion between t h e  
ca lcu la ted  and the  measured d i s t r i b u t i o n s  w a s  noted and might be a t t r i b u t e d  t o  
model "breathing". It w a s  poss ib le  t h a t  t h e  character  of t h e  boundary l aye r  
might have been altered by loca l ized  suc t ion  o r  blowing (which were balanced 
so t h a t  t h e  net  mass t r a n s f e r  w a s  zero,  s ince  t h e  in j ec t an t  supply passage 
j u s t  beneath the  sk in  was not vented).  However, t h e  e f f e c t  of  breathing per  s e  
is  bel ieved t o  be small. T h i s  conclusion i s  based on the  following reasoning: 

The agreement between the  ca lcu la ted  and t h e  mea- 

(1) The pressure d i f f e r e n t i a l  between the  surface pressure (open 
symbols of Fig. 7)  and t h e  pressures  measured using o r i f i c e s  
located i n  t h e  in j ec t ion  passage ( s o l i d  symbols of Fig. 7)  is 
greater near t h e  apex. Thus, one would conclude t h a t  inward 
flow, o r  suct ion,  ( and, therefore ,  r e l a t i v e l y  higher l o c a l  
hea t ing  rates) should be greater near the  apex. 
comparison of  the  d i s t r i b u t i o n s  ( o r  t r ends )  f o r  t h e  measured 
and t h e  t h e o r e t i c a l  hea t - t ransfer  rates indica tes  t h e  opposite,  
i.e., the increases  i n  local heat ing are g rea t e s t  at downstream 
loca t ions ,  v i z ,  Fig. 6d. 

However, a 

(2)  Additional evidence tha t  t h i s  deviat ion i s  related t o  t r a n s i t i o n  
may be seen by comparing the  loca t ions  of t r a n s i t i o n  f o r  t h e  po- 
rous model as determined using the  heat- t ransfer-rate  d i s t r ibu -  
t i o n  w i t h  t h a t  determined using the  shadowgraphs. If t h e  shadow- 
graph loca t ion  of t r a n s i t i o n  was defined t o  be t h a t  point  down- 
stream of which there were no t r a c e s  of a laminar  boundary l a y e r ,  
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then xtr var ied from 0.58 f t .  t o  0.61 ft. f o r  condition 13 as 
shown i n  Fig. 8. Assuming t h a t  t h e  heat- t ransfer  data ind ica te  
the  t r a n s i t i o n  loca t ion  t o  be t h a t  point  at which t h e  heat- t ransfer  
da ta  begin t o  deviate  from a "laminar" d i s t r ibu t ion ,  xtr was 0.52 f t .  
This corresponds t o  %r = 0.66 XL i n  Fig. 6e. However, a turbulent  
burs t  w a s  c l ea r ly  evident i n  t h e  shadowgraph a t  x = 0.40 f t .  , 
ind ica t ing  t h e  t r a n s i t i o n  process w a s  f a i r l y  w e l l  developed a t  t h i s  
point  on t h e  X = 1800 ray. Thus, at least f o r  t h e  no-injection 
conditions,  it i s  believed t h a t  t h e  ''sharp" change i n  t h e  heat t r a n s f e r  
d i s t r ibu t ion  does not necessar i ly  provide a r e a l i s t i c  t r a n s i t i o n  
locat ion on t h e  porous models. 
measurements from laminar theory (which occur upstream of the  "sharp" 
change and which might otherwise be a t t r i b u t e d  t o  experimental e r r o r )  
ind ica te  t h e  exis tence of t h e  t r a n s i t i o n  process as modified by 
s l i g h t  breathing. 

Instead,  modest deviations of t h e  

Therefore, the differences between t h e  measured and theo re t i ca l  heating- 
r a t e s  which might otherwise be a t t r i b u t e d  t o  experimental e r r o r  f o r  conditions 
7 and 13 are believed t o  be t h e  r e s u l t  of a t r a n s i t i o n  process,  which may be 
modified by s l i g h t  "breathing" through the  porous skin.  

The f a c t  t h a t  the  t r a n s i t i o n  "location" determined from the  shadowgraph 
i s  downstream of t h e  t r a n s i t i o n  lfloCation' '  determined from t h e  heat t r a n s f e r  
d i s t r ibu t ion  i s  t y p i c a l  s ince  t h e  shadowgraph represents  t h e  end of t r a n s i t i o n  
whereas t h e  hea t  t r a n s f e r  da t a  were used t o  loca t e  the beginning of t r a n s i t i o n .  
However, Fig. 8 does i l l u s t r a t e  an i n t e r e s t i n g  fea ture :  
turbulent  burs t  upstream of the  apparent heat-transfer-determined t r a n s i t i o n  
"location". 
s i t i o n  process as described by Morkovin (ref.  371, the  photograph indica tes  
t h a t  t he  t r a n s i t i o n  process is  wel l  underway at t h e  poin t  where t h e  s lope 
of the  heat- t ransfer-rate  d i s t r ibu t ion  changes rapidly.  
viously,  t h i s  anomaly i n  t h e  heat- t ransfer  r e s u l t s  is believed t o  r e f l e c t  a 
pecu l i a r i t y  i n  the  t r a n s i t i o n  process (which produced sub t l e  changes i n  t h e  
heat- t ransfer  da t a )  f o r  t h e  "no-injection" conditions of flow over porous 
models. 

t h e  current program. 
pares  c losely with the t h e o r e t i c a l  value of 14.3' given i n  r e f .  33 f o r  a 12' 
cone. No correct ion w a s  made t o  acc'ount f o r  t h e  boundary l aye r  displacement 
thickness ,  s ince it w a s  small. 

t h e  exis tence of a 

Since turbulen t  bursts charac te r ize  t h e  t h i r d  phase of t h e  t ran-  

A s  discussed pre- 

Fig. 8 is representa t ive  of t h e  qua l i t y  of the  shadowgraphs obtained during 
The shock wave angle was measured t o  be 14.5', which com- 

The e f f e c t  of gas in j ec t ion  on laminar heat t r ans fe r .  - Gas in jec ted  i n t o  
t h e  boundary layer  can s i g n i f i c a n t l y  a f f e c t  t h e  shear stress at  t h e  w a l l  and 
t h e  l o c a l  heat  t r a n s f e r  f o r  both laminar and turbulen t  viscous flows. Even 
the  character  of t h e  boundary l aye r  may change, s ince  in j ec t ion  may promote 
ea r ly  t r ans i t i on .  Changes may a l s o  occur i n  t h e  inv i sc id  flow i f  t h e  rate of 
gas in j ec t ion  i s  very high, of ten  termed massive blowing. However, s ince  t h e  
blowing r a t e s  of t he  present program were not s u f f i c i e n t  t o  a l ter  t h e  inv isc id  
flow, a t t en t ion  w i l l  be given only t o  t h e  e f f e c t s  of i n j ec t ion  on the  viscous 
flow. Correlation parameters, which ind ica te  t h e  e f f e c t  of mass-injection, 
depend upon t h e  proper t ies  of t he  i n j e c t a n t ,  t h e  in j ec t ion  r a t e ,  and t h e  in- 
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j ec t ion  d i s t r ibu t ion .  
two broad classes: 

The la t te r  i s  usua l ly  character ized as being i n  one of 
(1) f i lm  cooling o r  (2) t r ansp i r a t ion  cooling. 

Film cooling involves i n j e c t i n g  a gas o r  l i q u i d  over a l imi t ed  por t ion  
of t h e  t o t a l  sur face ,  e i ther  t angen t i a l ly  o r  perpendicularly t o  t h a t  sur face ,  
and allowing the  i n j e c t a n t  t o  be spread by t h e  freestream gas i n t o  a t h i n  fi lm 
over the  remainder of t h e  surface.  Several  d i s t i n c t  t rends  have been observed 
i n  r e l a t i o n  t o  f i l m  cooling: 

(1) By increasing the  mass flow rate i n  t h e  in j ec t ion  region, down- 
stream heat ing rates can be decreased, providing boundary l aye r  
t r a n s i t i o n  does not occur. 

(2 )  Lighter gases are more e f f e c t i v e  than heavier gases i n  reducing 
t h e  heat  t r a n s f e r  rates (ref. 38). 

( 3 )  The e f fec t iveness  of film cooling i n  reducing t h e  heat t r a n s f e r  
decreases w i t h  d i s tance  from the  in j ec t ion  region (ref. 23 and 
ref. 39).  

Transpirat ion cooling r e s u l t s  when in j ec t ion  occurs perpendicular t o  t he  
surface over t h e  e n t i r e  surface t h a t  i s  t o  be cooled. Since t h e  i n j e c t a n t  i s  
introduced through a porous sur face ,  t h e  rate of f l u i d  in j ec t ion  can be adjusted 
by mechanical means. 
t he  in j ec t ion  rate and the  temperature of  t h e  in j ec t an t .  

Therefore, t h e  heat ing rates can be cont ro l led  by varying 

Several  of the  same t rends  associated w i t h  f i lm  cooling have been noted 
f o r  t r a n s p i r a t i o n  cooling. More s p e c i f i c a l l y :  

(1) I n  t h e  laminar region,  t h e  higher the i n j e c t i o n  rate t h e  lower t h e  
heat ing rate. That i s ,  f o r  a given i n j e c t a n t ,  a t  a given loca t ion ,  
t he  heat ing rate decreases as t h e  in j ec t ion  rate increases  i f  flow 
remains laminar (ref. 40). 

( 2 )  The lower t he  molecular weight t h e  more e f f e c t i v e  the  gas is as 
A t  a given loca t ion ,  a t  a given in j ec t ion  a coolant (ref.  40).  

rate, the  l i g h t e r  t h e  gas t h e  more reduction i n  heat t r a n s f e r ,  
providing. the flow remains laminar. 
t he  effect iveness  of an i n j e c t a n t  i n  reducing t h e  heat ing rate de- 
pends on i t s  a b i l i t y  t o  move away from t h e  w a l l .  
are able t o  move more quickly i n t o  these  regions (ref. 40 and ref. 19 ) .  

This e f f e c t  i s  present because 

The l i g h t e r  gases 

( 3 )  Lighter gases are more des t ab i l i z ing  t o  t h e  boundary layer  ( r e f .39 ) .  
As a r e s u l t ,  premature t r a n s i t i o n  may occur due t o  in j ec t ion  and 
turbulen t  heat ing rates might e x i s t  i n  a region t h a t ,  without injec-  
t i o n ,  would have had lower laminar heat ing rates. 
weight gas w i l l  give a r e s u l t  s i m i l a r  t o  cooling the  w a l l  ( i  .e. , 
increasing the  densi ty  near t h e  su r face ) ,  and thus ,  have less of an 
e f f e c t  on the t r a n s i t i o n  of the boundary layer  (ref. 40) .  

A heavier molecular 

Three in j ec t an t  gases were used i n  t he  present program: nitrogen (MW=28), 
methane (~w=16) ,  and freon (monochlorodiflouromethane-CHClF2, ~w=86). The 
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heat - t ransfer - ra te  d i s t r ibu t ions  which are representa t ive  of t he  data of t he  
present  program are presented i n  Fig. 9 f o r  severa l  conditions.  T sts were 

three gases in j ec t ed  uniformly over the  e n t i r e  surface,  i .e. ,  t h e  l o c a l  in- 
j e c t i o n  rate w a s  e s s e n t i a l l y  independent of  locat ion.  I n  addi t ion ,  data were 
obtained using ni t rogen in j ec t ed  with a v r i a b l e  mass-injection d i s t r i b u t i o n  
at a freestream Reynolds number of 6 x 10 Th i s  va r i ab le  d i s t r ibu -  
t i o n  only roughly approximated a "similar" d i s t r i b u t i o n .  Methane was a l s o  
in j ec t ed  i n  a "constant" d i s  r ibu t ion  with a freestream Reynolds number per  

able of  the t e s t  program. 
t h e  e n t i r e  cone) ranged from 0.20% t o  2.1% of t h e  freestream mass flux across  
an area equal t o  t h a t  of the cone base. 

conducted at a freestream Reynolds number per foot  of about 6 x 1 0  % f o r  a l l  

per  foot .  

foo t  of  approximately 3 x 10 8 . The r a t e  of  mass in j ec t ion  w a s  another var i -  
The rate of the  mass i n j e c t i o n  ( in t eg ra t ed  over 

The data are compared with t h e o r e t i c a l  heat t r a n s f e r  d i s t r i b u t i o n s  com- 
puted using t h e  NONSIMBL numerical rout ine (ref.  36). This rou t ine  provides 
numerical so lu t ions  of a laminar boundary layer f o r  t h e  following conditions:  

(1) either compressible o r  incompressible flow 
( 2 )  poss ib le  pressure gradient  i n  the ex te rna l  flow 
( 3 )  two-dimensional o r  axisymmetric configurat ion 
( 4 )  a r b i t r a r y  freestream gas 
( 5 )  arbitrary i n j e c t a n t ,  i n j ec t ion  rate, and in jec t ion- ra te  d i s t r i b u t i o n  
(6) a r b i t r a r y  w a l l  temperature 

The so lu t ion  i s  l imi ted  t o  nonreacting flows. The input f o r  NONSIMBL includes 
the  molecular weights of the stream and of t h e  i n j e c t a n t  gases ,  the  gas constant 
f o r  t h e  stream gas, t he  s tagnat ion temperature and t h e  s tagnat ion pressure of 
t he  inv i sc id  flow (both of which are assumed cons t an t ) ,  t h e  s t a t i c  pressure 
d i s t r i b u t i o n  (from which the  edge proper t ies  are ca lcu la ted  assuming i sen t rop ic  
expansion o r  compression), the  mass-injection d i s t r i b u t i o n ,  and t h e  wall-temper- 
a t u r e  d i s t r ibu t ion .  
thermal  conductivity f o r  both the  stream and the  i n j e c t a n t  gases. 
p rope r t i e s  were ca lcu la ted  using temperature-dependent polynomial approximations, 
it w a s  poss ib le  t o  u t i l i z e  real gas values fo r  t h e  s p e c i f i c  hea t ,  the  v i s c o s i t y ,  
and the  thermal conductivity.  

Also input  are t h e  s p e c i f i c  heat, t he  v i scos i ty ,  and the  
Since these 

As can be seen i n  Fig. 9 ,  there i s  r e l a t i v e l y  good agreement i n  t h e  
laminar region between t h e  data and t h e  t h e o r e t i c a l  values  predicted by 
NONSIMBL f o r  a l l  but one run condition. The exception i s  f o r  t h e  highest  f reon 
in j ec t ion ,  Fig. ge, which w i l l  be discussed later.  I n  Fig. 9a t h e  agreement may 
not  seem acceptable u n t i l  one r e a l i z e s  t h a t  except f o r  the first thermocouple 
t h e  measurements are e i ther  i n  the  t r a n s i t i o n a l  o r  i n  the turbulen t  region. 

The e f f e c t  on the heat t r a n s f e r  of increas ing  t h e  i n j e c t i o n  rate i s  shown 
f o r  a uniform i n j e c t i o n  i n  Fig. 1 0  and for  va r i ab le  i n j e c t i o n  i n  Fig.  11. Only 
data for those thermocouples i n  t h e  laminar  region are presented. The data f o r  
runs with methane, ni t rogen,  and freon with a "constant" mass in j ec t ion  d i s t r i -  
bution a t  a freestream Reynolds number per foot  of approximately 6 x 10 6 are 
presented i n  Fig. 10. 
bu t  with ni t rogen in jec ted  wi th  a " s i m i l a r "  ( va r i ab le )  mass in j ec t ion  d i s t r i b u t i o n .  

The Reynolds number is  a l s o  6 x 106 f o r  the  data of Fig.11, 
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For each of these conditions NONSIMBL ind ica t e s  t h a t ,  had the  boundary l aye r  
remained laminar, "blow-off" would have occurred at  t h e  highest  i n j ec t ion  rate, 
as evidenced by the  f a c t  t h a t  t he  Stanton number went t o  zero. 
agreement between theory and experiment i n  t h e  laminar region i s  extremely 
good f o r  t h e  no-injection and f o r  t h e  highest  i n j e c t i o n  cases,  e.g. ,  Fig. lob. 
However, the  agreement is not as good f o r  the  lower in j ec t ion  rates. A pos- 
sible source of t h i s  discrepancy at t h e  lower in j ec t ion  rates may be due t o  
poss ib le  d i f fe rences  between t h e  ca l ib ra t ed  in j ec t ion  d i s t r i b u t i o n ,  which w a s  
used as input f o r  NONSIMBL, and t h e  a c t u a l  i n j ec t ion  d i s t r i b u t i o n  which ex i s t ed  
during the  test .  
sured during each test and w a s  therefore  known, it w a s  not poss ib le  t o  measure 
t h e  a c t u a l  i n j e c t i o n  d i s t r ibu t ion .  
s ince  t h e  measured heating rates do not d i f fe r  r a d i c a l l y  from t h e  computed 
values. 

Note t h a t  t he  

Although t h e  t o t a l  flow rate (as indicated by C i )  w a s  mea- 

The d i f f e rences  are believed t o  be small, 

It might be noted t h a t  f o r  lIsimilar" in j ec t ion  of nitrogen, no heat- 
t r a n s f e r  measurement appears i n  Fig. 11 f o r  t h e  maximum in j ec t ion  rate, i.e.,  
condition 10 f o r  which C i  = 2.18. For t h i s  condition the  experimental heat- 
t r ans fe r - r a t e  d i s t r i b u t i o n  ind ica ted  t h a t  t h e  first thermocouple was i n  t h e  
t r a n s i t i o n a l  zone. The t h e o r e t i c a l  heat-transfer-rate d i s t r i b u t i o n  ind ica ted  
t h a t  "blow-off" would have occurred p r i o r  t o  the  first thermocouple had t h e  
boundary l aye r  remained laminar. 

These figures concur w i t h  two f ind ings  o f t en  appearing i n  t h e  l i terature,  
namely tha t  as i n j e c t i o n  rate i s  increased t h e  laminar hea t ing  rate (repre- 
sented by t h e  Stanton number) decreases and t h e  onset of t r a n s i t i o n  moves for- 
w a r d .  

The e f f e c t  of t h e  molecular weight of t h e  i n j e c t a n t  on t h e  laminar heating 
rates is indicated i n  Fig. 12 where the  Stanton number d i s t r i b u t i o n  i s  presented 
f o r  no-injection, freon, nitrogen, and methane in j ec t ed  w i t h  a "constant" d is -  
t r i b u t i o n  a t  a Reynolds number per  foot  of approximately 6 x 10 6 . 
seen t h a t  a t  a p a r t i c u l a r  laminar s t a t i o n  t h e  l i g h t e r  gas is  more e f f e c t i v e  i n  
reducing t h e  heat t r a n s f e r .  It might a l s o  be noted t h a t  t h e  l i gh te r  the  gas, 
the  more quickly the  flow t r a n s i t s .  

It can be 

F ina l ly ,  t h e  e f f e c t  of d i f f e r e n t  mass-injection d i s t r i b u t i o n s  i s  seen by 
comparing Fig. 10b with Fig. 11. These figures ind ica t e  t h a t  near t h e  apex 
where t h e  i n j e c t i o n  is  at  a peak f o r  the  " s i m i l a r "  d i s t r i b u t i o n  (Fig. 11) t h e  
heating rates are less than t h e  heating a t  the same loca t ions  f o r  the "constant'' 
d i s t r i b u t i o n  (Fig. lob) .  However, t h e  "constant" d i s t r i b u t i o n  causes t h e  greater 
reduction i n  the heat t r a n s f e r  rates further downstream, because f o r  a given 
t o t a l  mass-injection rate the  l o c a l  i n j e c t i o n  rate over t he  last fou r - f i f th s  of 
the  model w i l l  be g rea t e r  f o r  the "constant" than f o r  t he  "similar" m a s s  in jec-  
t i o n  d i s t r ibu t ion .  

I 

Although t h e  theory,  as represented by NONSIMBL, was considered t o  be a 
reasonable representa t ion  of t h e  data on an ind iv idua l  basis, more general  
co r re l a t ions  were sought. 
e.g., ref. 19 and ref. 41, t h e  term ( p wvW/ PeUe)  
i n i t i a l  co r re l a t ing  parameter. 

Since it has been widely u t i l i z e d  i n  t h e  literature, I 
I w a s  a component of t h e  

This parameter a l s o  included a f a c t o r  t o  account 
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fo r  t h e  difference between the  molecular weight of the  in j ec t an t  and t h a t  of the 
stream gas, (MW r/MWinj)0*25, and a f a c t o r  t o  account f o r  t h e  non-porous region 
near t he  apex, ~ ~ X - X ~ ) / X ) ~ * ~ ~ .  As can be seen i n  Fig. 13, t h e  r a t i o  of Stanton 
number w i t h  i n j ec t ion  t o  Stanton number without i n j ec t ion  decreased as t h e  in- 
j ec t ion  parameter increased. An increase i n  ( Pwvw/ P e U  ) ind ica tes  d i r e c t l y  
t ha t  t h e  l o c a l  i n j ec t ion  is  increased and t h e  terms (RexeO-50 and ( ( X - X ~ ) / X > ~ * ~ ~  
increase as one proceeds downstream, i.e.,  6s the  boundary l aye r  thickens for 
a pa r t i cu la r  tes t  condition. This f igure includes laminar data from a l l  con- 
d i t i o n s  t h a t  had a "constant" mass-injection d i s t r ibu t ion .  
obtained using t h e o r e t i c a l  values of t he  Stanton numbers generated by NONSIMBL 
using the  ca l ibra ted  mass-injection d i s t r i b u t i o n  f o r  the t e s t  condition. Pa r t  
of the  breadth of t he  t h e o r e t i c a l  band i s  a t t r i b u t e d  t o  t h e  va r i a t ions  i n  f l o w  
conditions from one run t o  another and t o  t he  f a c t  t h a t  t h e  in j ec t ion  d i s t r i -  
butions were not t r u l y  constant.  
g rea te r  than one are those from thermocouple number one (with the  exception of 
condition 22, which was obtained using thermocouple number two 1. Thermocouple 
number one was nearest  t h e  apex and frequent ly  indicated heating rates which 
d i f f e red  s i g n i f i c a n t l y  from theory ( r e f e r  t o  Fig. 9 ) .  
tha t  condition 16 ( the  highest  i n j ec t ion  rate using freon)  exh ib i t s  the  g rea t e s t  
disagreement w i t h  t he  t h e o r e t i c a l  band. 
i n  which t h e  experimental heat-transfer rate d i s t r i b u t i o n  disagreed r a d i c a l l y  
w i t h  t h e  theo re t i ca l  d i s t r i b u t i o n  w a s  t h e  highest  f reon in j ec t ion .  
case t h e  theory underpredicts t he  data considerably. However, i n  Fig. 9c t h e  
t h e o r e t i c a l  values f o r  t h e  highest ni t rogen in j ec t ion  rate (condition 19)  agree 
w i t h  t h e  measurements. By comparing condition 16 i n  Fig. 9e with condition 19 
i n  Fig. gc, it can be seen t h a t  t h e  t h e o r e t i c a l  heating rate d i s t r i b u t i o n s  
appear qua l i t a t ive ly  cor rec t  i n  t h a t  for a given in j ec t ion  rate and freestream 
condition, t he  heavier molecular-weight i n j e c t a n t  ( i n  t h i s  case f reon)  i s  less 
e f f ec t ive  i n  reducing t h e  heat ing rate. Thus, t h e  t h e o r e t i c a l  d i s t r i b u t i o n  for  
t h e  highest  freon in j ec t ion  run appears t o  be cor rec t .  The lack  of co r re l a t ion  
of t h e  high in j ec t ion  freon data i n  Fig. 13 r e f l e c t s  t h e  disagreement between 
theory and data w i t h  high freon in j ec t ion  i n  Fig. 9e. It  i s  considered t h a t  
t h e  d i f fe rences  between other experimental and t h e o r e t i c a l  values  i n  Fig. 13 
r e s u l t  pr imari ly  from t h e  poss ib le  deviat ion between the  mass in j ec t ion  dis- 
t r i bu t ion  input f o r  t h e  numerical so lu t ion  and t h a t  which occurred during the  
test .  

The shaded band w a s  

The r e s u l t s  where the  Stanton number r a t i o  i s  

Also,  it should be noted 

I As previously mentioned, the only run 

I n  t h i s  

I 

The co r re l a t ion  parameter used i n  Fig. 13 was a l s o  employed with the  heat 
I t r ans fe r  reduction data f o r  t h e  " s i m i l a r "  mass inJec t ion  d i s t r ibu t ion .  

it was apparent t h a t  a d i f f e r e n t  parameter was required t o  obtain an acceptable 
correlat ion.  It was  found t h a t  these  data could be correlated more sa t i s f ac -  
t o r i l y  w i t h  a parameter t h a t  included t h e  t o t a l  mass in j ec t ed ,  Ci ,  t he  Reynolds 
number, t h e  dis tance t o  the  p a r t i c u l a r  s t a t i o n ,  and t h e  ra t io  of t h e  product 
of the ve loc i ty  and densi ty  a t  t h e  edge of t h e  boundary layer  t o  the  product of 
the ve loc i ty  and dens i ty  i n  t h e  freestream. Fig. 14 i nd ica t e s  t h a t  as t h i s  
parameter increases ,  t h e  r a t i o  of Stanton numbers decreases. This  parameter 
i s  s i m i l a r  t o  those used t o  co r re l a t e  data from f i lm cooling inves t iga t ions  
(ref.  23). 
a t t r i bu ted  t o  the pecul ia r  i n j ec t ion  d i s t r ibu t ion .  The r e l a t i v e l y  large l o c a l  
i n j ec t ion  rate near t h e  apex f o r  t h e  " s i m i l a r "  i n j ec t ion  d i s t r i b u t i o n  appeared 

However, 

The success of t h i s  parameter i n  co r re l a t ing  t h e  present data was 
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as film cooling t o  t h e  thermocouples of t h e  laminar region, a l l  of which were 
loca ted  j u s t  downstream of the  high in jec t ion- ra te  region. 

The e f f e c t  of gas in j ec t ion  on turbulen t  heat t r a n s f e r .  - Heating rates 
ind ica t ive  of f u l l y  turbulen t  flow were obtained a t  two thermocouples f o r  t h e  
no-injection run at  the  high Reynolds number condition, R e d f t  = 6 x lo6. 
Since gaseous i n j e c t i o n  induced e a r l y  t r a n s i t i o n ,  the boundary layer at these 
two thermocouples would be turbulen t  f o r  tests wi th  i n j e c t i o n  a lso .  
one could analyze the heating-rate measurements at these two thermocouples t o  
e s t a b l i s h  the  e f f e c t  o f  mass-injection on turbulen t  heat t r a n s f e r .  

Therefore, 

The reduction i n  hea t - t ransfer  due t o  mass-injection ( i n  t he  form of t h e  
r a t i o  of  t h e  Stanton number i n  the  presence of  mass-injection t o  t h e  Stanton 
number measured a t  the  same thermocouple without i n j e c t i o n )  i s  presented i n  
Fig. 15. The in j ec t ion - ra t e  paramet,er used is  t h a t  used by Baronti ,  e t  a l ,  
(ref.  421, i .e . ,  

wvw 

Included f o r  comparison w i t h  t he  present data i s  a band representing the ex- 
perimental r e s u l t s  from a v a r i e t y  of r epor t s  as summarized i n  ref. 42. 
t h e  in j ec t ion - ra t e  parameter does not include a f a c t o r  t o  r e f l e c t  t h e  use of 
d i f f e r e n t  i n j e c t a n t s ,  Baronti ,  et  al, note "as i s  expected, s i g n i f i c a n t  Mach 
number and molecular weight e f f e c t s  are obtained". 
program c l e a r l y  ind ica t e  the need t o  consider t h e  p rope r t i e s  of t h e  i n j e c t a n t .  

Although 

The data from t h e  present 

The reduction i n  heat t r a n s f e r  i s  presented i n  Fig. 16 as a function of 
an i n j e c t i o n  rate parameter which includes t h e  i n j e c t a n t ,  

p pwvw u St ( ) . e e  

The use of t h e  specific-heat r a t i o  as t h e  pe r t inen t  co r re l a t ion  property f o r  
tu rbulen t  flow has been suggested by Hearne, e t  a l ,  (ref.  19>, among o thers .  
A s  can be seen, the co r re l a t ion  i s  s i g n i f i c a n t l y  improved by t h e  inc lus ion  of 
a specific-heat r a t i o  i n  the in j ec t ion - ra t e  parameter. 

As noted, only the  last couple of thermocouples f o r  the  noninjection 
run were i n  turbulen t  flow. Using these  heating rates as a reference may 
produce misleading r e s u l t s ,  s ince  t h e  noninjection data may be i n  t h e  l o c a l  
"peak" heating zone t y p i c a l  of  the end of t r a n s i t i o n .  
advised i n  using t h e  r e s u l t s  of Figs. 15 and 16. 

Therefore, caution i s  
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Boundary Layer Transit ion Correlations 

T h r e e  methods were used t o  determine t h e  "location" of t r a n s i t i o n  of t h e  
boundary l aye r .  They were: 

(1) t h e  poin t  at which the  heat-transfer data first deviated from 

( 2 )  t he  poin t  at which t h e  heat t r ans fe r  d a t a  ind ica ted  the  flow 

(3)  t h e  po in t  on t h e  shadowgraph downstream of which the boundary 

the  laminar d i s t r i b u t i o n ,  

w a s  completely tu rbu len t ,  and 

l a y e r  appeared t o  be completely tu rbu len t .  

The t r a n s i t i o n  loca t ions  determined by the  second and t h i r d  methods usua l ly  
agreed within t h e  a b i l i t y  t o  def ine  t h e  loca t ion .  
by these  two methods w a s  assumed t o  be t h e  end of  t h e  t r a n s i t i o n a l  zone. 
loca t ion  of t r a n s i t i o n  determined by the first and t h e  t h i r d  methods are presentec 
i n  Table 111. 
averaging t h e  t r a n s i t i o n  data whenever the re  w a s  more than one value of  t h e  
t r a n s i t i o n  loca t ion  ava i lab le .  For example, t h e  shadowgraph loca t ions  i n  Table 
I11 a re  t h e  average of t h e  values obtained f o r  two rays  ( 1 = 00 and X = 180~) 
i n  each of t h e  shadowgraphs and t h e  heat t r a n s f e r  determined loca t ions  were 
obtained from t h e  two instrumented rays. 
repea t  runs,  t h e  d a t a  obtained from al l  of t h e  runs were averaged. 

Thus, t h e  loca t ion  determined 
The 

The ind iv idua l  values appearing i n  t h i s  t a b l e  were obtained by 

Also, i f  a p a r t i c u l a r  condition had 

The flsv f i e l d  ns lnd ica ted  by t h e  shadowgraph and t h e  heat t r a n s f e r  dis-  
t r i b u t i o n  are compared i n  Fig. 17. The r e s u l t s ,  which a r e  t y p i c a l ,  are f o r  
constant nitrogen in j ec t ion  C i  = 0.32%. The t r a n s i t i o n  loca t ions  determined 
by t h e  t h r e e  methods may be seen. The onset of t r a n s i t i o n  as determined by 
the  devia t ion  from t h e  laminar heating d i s t r i b u t i o n  i s  upstream of t h e  t ran-  
s i t i o n  loca t ions  determined using t h e  other two c r i t e r i a .  Furthermore, it 
i s  d i f f i c u l t  t o  confidently d is t inguish  between t h e  t r a n s i t i o n  loca t ions  of 
these two c r i t e r i a .  

I n  Fig. 17 it should be noted t h a t  between t h e  t r a n s i t i o n  loca t ion  deter-  
mined by heat t r a n s f e r  da t a  and the  loca t ion  determined by t h e  shadowgraphs 
are two tu rbu len t  bu r s t s .  Numerous turbulent b u r s t s  were observed i n  t h e  t r an -  
s i t i o n a l  boundary l aye r  f o r  those  t e s t s  w i t h  mass in j ec t ion .  For t h e  i n j e c t i o n  
runs t h e  b u r s t s  always occurred between t h e  heat-transfer-determined beginning- 
o f - t r ans i t i on  loca t ion  and t h e  end-of-transition loca t ion  determined from t h e  
shadowgraph. 

I n  addi t ion ,  Table I11 includes values of o the r  t r a n s i t i o n  r e l a t e d  param- 
eters. 
number, t h e  l o c a l  Mach number, t h e  l o c a l  u n i t  Reynolds number, t h e  r a t i o  of t he  
wall-to-stagnation-temperature, t h e  in tegra ted  t r a n s i t i o n  Reynolds number based 
on wetted length t o  t r a n s i t i o n ,  t h e  t r a n s i t i o n  value of  the displacement thick- 
ness Reynolds number, and t h e  momentum thickness Reynolds number. The displace- 
ment thickness and t h e  momentum thickness a t  t h e  t r a n s i t i o n  loca t ion  w e r e  com- 
puted using t h e  numerical code. Values are presented f o r  t h e  t r a n s i t i o n  loca- 
t i o n s  as determined using t h e  heat-transfer-rate d i s t r i b u t i o n s  f o r  the  porous 
models (conditions 7 and 13), but  t h e  previous discussion concerning t h e  in- 

These are t h e  freestream Mach number, t h e  freestream uni t  Reynolds 
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fluence of t he  porous surface should be considered. 

No-injection, or reference,  r e s u l t s .  - Determining t h e  e f f e c t  of t h e  in- 
j e c t a n t  p rope r t i e s ,  t h e  mass-injection r a t e ,  and t h e  i n j e c t i o n  d i s t r i b u t i o n  on 
boundary l a y e r  t r a n s i t i o n  w a s  one of t h e  primary objec t ives  of t h e  cont rac tua l  
e f f o r t .  To establish the e f f e c t  of gas i n j e c t i o n  on a p a r t i c u l a r  t r a n s i t i o n  
parameter, it is  first necessary t o  determine t h e  "no-injection" value of t h a t  
parameter a t  t h e  same flow conditions. To establish t h e  "va l id i ty"  of these 
reference values of t h e  t r a n s i t i o n  Reynolds number, comparisons were made w i t h  
t h e  r e s u l t s  ava i l ab le  i n  t h e  l i t e r a t u r e  f o r  comparable conditions. The word 
val idi ty  is  i n  quotes because of t h e  controversy concerning t h e  r e l a t i o n  of 
tunnel  noise t o  t r a n s i t i o n  measurements made i n  wind tunnels.  No attempt w a s  
made t o  establish t h e  v a l i d i t y  of t h e  t r a n s i t i o n  measurements i n  t h e  absolute 
sense,  but it was shown t h a t  t h e  t ran ' s i t ion  Reynolds numbers from t h e  present 
program are cons is ten t  w i t h  previous r e s u l t s  and, therefore ,  serve as a sat- 
i s f a c t o r y  reference t o  e s t a b l i s h  t h e  e f f e c t  of gas in j ec t ion .  

The t r a n s i t i o n  Reynolds number based on l o c a l  flow proper t ies  at t h e  edge 
of t h e  boundary l a y e r  and the  displacement thickness is presented i n  Fig. 18 
as a function of  t h e  l o c a l ,  i nv i sc id  Mach number. The shadowgraph-determined 
loca t ions  compare favorably w i t h  t h e  values obtained previously i n  t h e  HVWT 
(ref.  4 3 ) .  
mary of wind tunnel  data which appeared i n  ref. 44. Sa t i s f ac t ion  with t h i s  
favorable comparison i s  tempered when one considers t h a t  t h e  summary correla- 
t i o n  represents  a broad range of acceptable values. 

The data a l s o  compare favorably with the co r re l a t ion  from a sum- 

O f  t h e  numerous t r a n s i t i o n  inves t iga t ions  reported i n  t h e  open l i t e r a t u r e  
it was t o  be expected t h a t  s eve ra l  would include flow parameters comparable t o  
those of t h e  present program which were nom'nally a l o c a l  Mach number of 7 o r  

0.16. 
e r a t u r e  as shown i n  ref. 27. 

10 ,  a l o c a l  u n i t  Reynolds number of  10  x 10 2 / f t ,  and a temperature r a t i o  of I 

The l imited non-injection data are seen t o  agree favorably w i t h  the  lit- 

Ef fec t s  of gas in j ec t ion  on t r a n s i t i o n .  - Using t h e  depar ture  of t h e  heat 
t r a n s f e r  data from t h e  laminar d i s t r i b u t i o n  t o  ind ica t e  the beginning of tran- 
s i t i o n  and the  shadowgraph loca t ions  t o  ind ica t e  t h e  end of t r a n s i t i o n ,  t h e  
r a t i o  Re, tr,f/Rex tr,i (an ind ica t ion  of t h e  l eng th  of t h e  t r a n s i t i o n a l  zone) 
was calculated.  
the d i f f e r e n t  i n j e c t i o n  rates. I n  addi t ion  t o  t h e  data f r o m  t h e  present t e s t ,  
t h e  co r re l a t ion  f o r  no-injection data of ref. 45 is a l s o  presented i n  t h i s  
f igure .  
program agrees w i t h  t h e  no-injection co r re l a t ion  of ref.  45. The data of 
Fig. 19 i nd ica t e  t h a t ,  f o r  a p a r t i c u l a r  i n j e c t a n t ,  as t h e  i n j e c t i o n  rate in- 
creases,  t h e  length of the  t r a n s i t i o n a l  zone decreases. As would be expected, 
t h e  similar mass-injection d i s t r i b u t i o n  gave r e s u l t s  t h a t  d id  not c o r r e l a t e  
w e l l  with t h e  data from the "constant" mass-injection d i s t r i b u t i o n ,  but did 
ind ica t e  t h e  same general t r e n d  of decreased t r a n s i t i o n a l  zone length w i t h  
increased in j ec t ion  f o r  a given onset-of-transit ion Reynolds number. 

i Fig. 19 presents  t h i s  r a t i o  f o r  t h e  various i n j e c t a n t  gases at 

The t r a n s i t i o n  length r a t i o  f o r  t h e  no-injection test  of the  present 

Table 111 permits a c a r e f u l  examination of the e f f e c t  on t r a n s i t i o n  of 
mass i n j e c t i o n  rate, i n j e c t a n t ,  and mass-injection d i s t r i b u t i o n ,  s ince  it 



presents  t r a n s i t i o n  loca t ions  f o r  a l l  the conditions t e s t e d .  Also  presented 
i n  t h e  t a b l e  are values of two o the r  t r a n s i t i o n  parameters, RegnYt, and R e e , t r .  
The values of t h e  displacement thickness and the  momentum thickness used t o  
c a l c u l a t e  these t r a n s i t i o n  Reynolds numbers were computed using NONSIMBL. 

As can be seen i n  Table 111, as t h e  i n j e c t i o n  r a t e  increases ,  us ing  a 
p a r t i c u l a r  i n j e c t a n t  t h e  t r a n s i t i o n  Reynolds number decreases f o r  all three 
gases t e s t e d .  
gas used i n  t h i s  program. It  i s  noted t h a t  Mateer and Lawson ( ref .  26) re- 
ported "no s i g n i f i c a n t  e f f e c t  of ablation f o r  t hese  t es t  conditions", bu t  these 
data were f o r  a very high molecular weight  gas (camphor, MW = 152). 
can be seen by comparing t h e  r e s u l t s  for the two types of  nitrogen mass-injec- 
t i o n  d i s t r i b u t i o n  t h a t  t h e  "similar" d i s t r ibu t ion  induces t r a n s i t i o n  earlier 
than t h e  "constant" d i s t r i b u t i o n  f o r  a given t o t a l  amount of  i n j ec t ion .  Be- 
cause t h e  "similart' i n j ec t ion  d i s t r ibu t ion  caused t r a n s i t i o n  t o  occur so e a r l y ,  
t h e  procedures used t o  define t h e  t r a n s i t i o n  loca t ions  had t o  be modified f o r  
conditions 9 and 10. 
the t r a n s i t i o n a l  zone f o r  t h e  m a x i m u m  in j ec t ion  case (condi t ion  10). 
t h e  i n t e r s e c t i o n  of t he  f a i r i n g  of t h e  measured hea t ing  rates i n  t h e  t r a n s i t i o n a l  
zone with t h e  t h e o r e t i c a l  laminar d i s t r i b u t i o n  was assumed t o  be t h e  t r a n s i t i o n  
loca t ion  f o r  t h e  "heat-transfer method". Because t r a n s i t i o n  occurred upstream 
of the shadowgraph f i e l d  of view f o r  conditions 9 and 10 ,  t h e  "point" at which 
t h e  experimental hea t - t ransfer  d i s t r i b u t i o n  ind ica ted  t h e  boundary l a y e r  w a s  
t u rbu len t  was assumed t o  represent t h e  shadowgraph value of t h e  t r a n s i t i o n  
l o c a t i ~ r .  fer Tsble  111; 
of t h e  type of i n j e c t a n t  on t h e  t r a n s i t i o n  point.  
mass-injection d i s t r i b u t i o n  of nitrogen and methane at a given i n j e c t i o n  rate, 
i n d i c a t e  t h a t  t h e  l i g h t e r  gas causes earlier t r a n s i t i o n ,  as o f t en  noted i n  t h e  
l i t e r a t u r e .  

This e f f e c t  is present  even f o r  f reon  (MW = 861, t h e  heavies t  

Also, it 

As previously mentioned, t h e  first thermocouple w a s  i n  
Therefore, 

Fina l ly ,  Table I11 allows some i n s i g h t  i n t o  t h e  e f f e c t  
The r e s u l t s  f o r  "constant" 

As with t h e  hea t - t ransfer - ra te  d i s t r i b u t i o n  data, an e f f o r t  w a s  made t o  
c o r r e l a t e  t h e  t r a n s i t i o n  Reynolds number data.  
Reynolds number f o r  t h e  tests w i t h  constant i n j e c t i o n  i s  presented i n  Fig. 20 
as a func t ion  of F, where 

The reduction i n  t h e  t r a n s i t i o n  

Y A 
0 F =  

p ~ u o O A b  ,tr 

a parameter suggested by Marvin and Akin (ref. 22:. 
are t h e  co r re l a t ion  l i n e  

Also included i n  Fig. 20 

0.25 
Rex'tr = 1 - (I.,,( -) MWstr 
Rex,tr  ,O j 

F ( 3 )  
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and t h e  da t a  of ref. 22, which also were f o r  a ''constant'' i n j e c t i o n  distri- 
bution. The t r a n s i t i o n  loca t ion  f o r  t h e  d a t a  presented from ref. 22 were 
determined using t h e  beginning of  transit ional-zone heat-transfer methods. 
The shadowgraph value of t h e  t r a n s i t i o n  Reynolds numbers f o r  t h e  tests with 
i n j e c t i o n  were referenced t o  t h e  t r a n s i t i o n  Reynolds number with no in j ec t ion  
obtained by using t h e  shadowgraphs from condition 13. The heat-transfer-rate 
determined t r a n s i t i o n  Reynolds numbers f o r  i n j e c t i o n  tests were referenced t o  
t h e  t r a n s i t i o n  Reynolds number with no i n j e c t i o n  from condition 4. 
losophy of t hese  choices is  based on t h e  r e s u l t s  b r i e f l y  described e a r l i e r  and 
i n  d e t a i l  i n  ref. 28. 

The phi- 

6 I 

For tests at t h e  lower Reynolds number, i .e . ,  R b / f t  = 3 x 1 0  , t r a n s i -  
t i o n  occurred only f o r  t h e  higher i n j e c t i o n  rates of methane. 
r e l a t i o n s  of t he  e f f e c t  of i n j e c t i o n  on t h e  t r a n s i t i o n  c r i t e r i a  could not be 
made, s ince  t h e  "no-injection" reference values were not ava i lab le .  

Therefore, cor- I 

The d a t a  of Fig. 20 ind ica t e  t h a t  t h e  length of laminar flow decreases as 
t h e  parameter F, modified by t h e  usua l  molecular weight r a t i o ,  increases .  These 
"constant" i n j e c t i o n  d a t a  are considered t o  be i n  r e l a t i v e l y  good agreement with 
t h e  co r re l a t ion  of Marvin and Akin f o r  t h e  three i n j e c t a n t s .  

Data f o r  t h e  " s i m i l a r "  mass-injection d i s t r i b u t i o n s  are shown i n  Fig. 21. 
It should be noted t h a t  a s i g n i f i c a n t l y  g rea t e r  reduction i n  t h e  t r a n s i t i o n  
Reynolds number r e su l t ed  f o r  a given amount of mass i n j e c t i o n  ( in t eg ra t ed  t o  
t h e  t r a n s i t i o n  l o c a t i o n ) ,  because of t h e  r e l a t i v e l y  l a rge  amount of in j ec t ion  
near t h e  apex f o r  t h e  " s i m i l a r "  mass i n j e c t i o n  d i s t r i b u t i o n .  
t h a t  r e l a t i v e l y  l a r g e  l o c a l  i n j ec t ion  i n t o  t h e  t h i n  viscous l a y e r  near t h e  
apex would accentuate t h e  des t ab i l i z ing  e f fec t  of i n j ec t ion .  It is f e l t  t h a t  
t h e  same parameter would not adequately c o r r e l a t e  d a t a  obtained with t h e  two 
d i f f e r e n t  mass in j ec t ion  d i s t r i b u t i o n s .  The inadequacy of a s i n g l e  co r re l a t ion  
parameter w a s  a l s o  noted i n  t h e  discussion of t h e  heat-transfer-rate d i s t r ibu -  
t i ons .  

It seems l o g i c a l  

Data from ref. 25 are a l s o  presented i n  Fig. 21. Since these data are from 
an ab la t ing  cone of paradichlorobenzene, the amount of gas inJected i n t o  t h e  
boundary l a y e r  i s  dependent on t h e  l o c a l  heat transfer rate, i .e. ,  is a func- 
t i o n  of x, and the-mass i n j e c t i o n  rate is g rea t e s t  near t h e  apex. Thus, t h e  
d i s t r i b u t i o n  of ref. 25 is of a somewhat similar nature t o  t h e  va r i ab le  in jec-  
t i o n  d i s t r i b u t i o n  of t h e  present program. However, t h e  non-degrading region 
near t h e  apex represented 23% of t h e  ab la t ing  models of ref. 25, but only 
about 4% of t h e  models of  t h e  present program were nonporous. The agreement 
between t h e  da t a  of ref. 25 and those  of t h e  present program i s  considered t o  be 
r e l a t i v e l y  good (Fig. 211, considering t h e  d i f fe rences  between the  two tests. 

I 

I 

The t r a n s i t i o n  data f o r  t h e  "similar" mass i n j e c t i o n  runs of t he  present 
program are presented i n  Fig. 22 as a function of Ci/& tr, where &,tr is  t h e  
wetted area up t o  t r a n s i t i o n .  The co r re l a t ion  p r o v i d e s ' l i t t l e  i n s igh t  i n t o  t h e  
behavior of t h e  viscous flow. As can be seen i n  Fig. 22, t h e  d is tance  t o  tran- 
s i t i o n  i n  t h e  presence of the two high i n j e c t i o n  r a t e s ,  i .e .  Ci of 0.70% and 2.1%, 
does not change appreciably,  although t h e  in j ec t ion  p a r m e t e r  does. Due t o  
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the locally high injection rates near the apex in the "similar" mass injection 
distributions, the boundary layer tends to be "blown-off". Because of this 
it is considered that premature transition is due to a "tripping action" of 

, the injection, as opposed to a multi-stage breakdown of the laminar flow. 

Fig. 23 presents Reo as a function of the correlation parameter F. , tr Also presented in Fig. 23, as solid symbols, are data from ref. 22. All the 
data were obtained with a "constant" mass injection distribution. Tie methane 
data from the present program suggest that there is a reduction in Reo tr as F 
increases. 
nitrogen runs appeared to be independent of F. 
increase by Reo,tr as F increased. The variations are such, however, that one 
could assume that the transition Reynolds number based on momentum thickness 
was essentially independent of F. 

However, the transition Reynolds number for the data from the 
The freon data indicated an 

I 

Surface Roughness 

The surface roughness of a particular vehicle is a difficult parameter to 
assess. Certainly, roughness represents a disturbance to the flow and roughness 
elements have often been used to f ix  the point of transition on models in the 
wind tunnel. The effectiveness of roughness in promoting premature transition 
has been found to depend on the Mach number (ref .15) as well as the size, the 
shape, and the distribution of roughness elements. Van Driest and Blumer 
(ref. 16) derived an empirical relation, which is very sensitive to the temper- 
ature ratio, to define the effective roughness height. 

I 

For a degrading ablative thermal protection system, the surface roughness 
poses an ill-defined, time-dependent problem. In an attempt to simultaneously 
simulate both the roughened surface of the degrading ablator and the gaseous 
injection of the ablation process, a fine mesh screen was overlayed on the 
porous skin of the 12' cone with constant injectant distribution. The char- 
acteristics of the two screens which were used are given in Table I. Surface- 
pressure and heat-transfer-rate distributions and shadowgraphs were obtained 
for the test conditions of Table 11. 

, 

The surface pressure distributions for the tests at the low Reynolds number 
are presented in Fig. 24. 
pressure coefficient were consistently lower than the results obtained with the 
smooth model. With the exception of the measurements from the middle orifice 
(where later examination revealed a scorch pattern) the pressure coefficients 
for the model with the K1-screen were likewise lower than the values for the 
smooth models. These pressure measurements (together with the heat-transfer 
data) suggest that the flow over a screen element behaved much like the flow 
over a cavity. 

For the K2-screen the experimental values of the 

Because the screen elements created continuous disruptions which prohibited 
the establishment of a well-behaved boundary layer, it was difficult to assess 
the effect of the upstream boundary layer on the flow field in the "cavity". 
The diameter of the screen wire was approximately equal to the computed value 
of the displacement thickness at the first thermocouple for the smooth model 
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and w a s  approximately one-fourth t h e  computed displacement thickness f o r  t h e  
last  thermocouple of t h e  smooth model. 

Measurements are ava i l ab le  ( ref .  46) f o r  t h e  pressure d i s t r i b u t i o n  i n  an 
i s o l a t e d  rec tangular  cav i ty  w i t h  a r e l a t i v e  geometry approximately t h a t  of a 
s i n g l e  screen element. The length-to-depth r a t i o s  f o r  t h e  elements of t h e  K1 
and K2 screens were 6.1 and 6.9, respec t ive ly .  
cen ter  of a cav i ty  with a length-to-depth r a t i o  of 5 i s  approximately 0.95 of 
t h e  s t a t i c  pressure at t h e  separa t ion  s t e p  while t h e  pressure at t h e  base of 
t h e  recompression s t e p  of t h e  cavi ty  i s  approximately 1.1 times t h e  s t a t i c  
pressure at t h e  separa t ion  s tep .  Thus, t h e  r e l a t i v e l y  high pressure  measured 
a t  t h e  middle o r i f i c e  of t h e  screen covered model and t h e  accompanying scorch 
p a t t e r n  noted on t h e  model sur face  are probably associated with t h e  recompres- 
s ion  s t e p  of t h e  cavi ty  formed by a screen element. 
d a t a  are t y p i c a l  of measurements along t h e  f l o o r  of a cavity.  

The s t a t i c  pressure i n  t h e  

The remaining pressure  

Because the  flow f i e l d  exhibited c h a r a c t e r i s t i c s  of flow over open c a v i t i e s  
t h e  s ign i f icance  of t h e  e f f e c t  o f  t h e  combined mass i n j e c t i o n  and sur face  rough- 
ness on t h e  heat-transfer-rate d i s t r i b u t i o n s  w a s  somewhat obscured. The tes t  
conditions of t h e  run schedule (Table 11) were se l ec t ed  t o  provide d a t a  f o r :  

I 

(1) two surface roughnesses at t h e  same nominal stream conditions with 
no i n j e c t i o n ,  i .e. ,  conditions 25 and 29 and 

( 2 )  t h e  e f f e c t  of mass-injection f o r  a given sur face  roughness with t h e  
same nominal stream conditions,  i .e. ,  conditions 20 and 21, conditions 
25 and 26 (Fig.  25) ,  and conditions 29 and 32. 

Examination of the d a t a  presented i n  Fig. 26 ind ica t e s  t h a t  t h e  heat- 
t r ans fe r - r a t e  d i s t r i b u t i o n s  were approximately t h e  same with no i n j e c t i o n  f o r  
both roughness elements although t h e  w i r e  diameters and mesh were s u b s t a n t i a l l y  
d i f f e r e n t  f o r  t h e  two element configurations.  
is not unexpected i f  t h e  flow views t h e  screen elements as a series of c a v i t i e s ,  
s ince  t h e  length-to-depth r a t i o  f o r  t h e  elements of the  t w o  screens are approxi- 
mately equal. 

I 
However, t h e  s i m i l a r i t y  of r e s u l t s  

Although t h e  "cavity e f fec t"  apparently dominated t h e  heat-transfer d a t a  
( s o  t h a t  t h e  hea t - t ransfer  rates on t h e  screen-covered model were less than t h e  
laminar hea t - t ransfer  rates on t h e  smooth model at  t h e  same stream condi t ions) ,  
it was es tab l i shed  t h a t :  

roughness elements g rea t ly  reduced t h e  t r a n s i t i o n  Reynolds number, 
gaseous in j ec t ion  through t h e  porous, screen-covered sur face  f u r t h e r  
reduced t h e  t r a n s i t i o n  Reynolds number, and 
gaseous in j ec t ion  s l i g h t l y  reduced t h e  heat-transfer t o  t h e  screen- 
roughened models at all thermocouples. 

two methods used t o  determine the'"1ocation" f o r  t r a n s i t i o n  of t h e  
layer f o r  t h i s  por t ion  of t h e  program were: 

the  poin t  at which t h e  hea t - t ransfer  d a t a  first deviated from t h e  
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"laminar" d i s t r ibu t ion*  and 

( 2 )  t he  poin t  on the  shadowgraph downstream of which the  boundary l aye r  
appeared t o  be completely turbulen t .  

The t r a n s i t i o n  loca t ions  and the corresponding t r a n s i t i o n  Reynolds numbers a re  
presented i n  Table 111. As w a s  t h e  case f o r  t he  smooth models, t h e  t r a n s i t i o n  
Reynolds number determined using t h e  "heat-transfer' '  method w a s  l e s s  than t h a t  
determined using t h e  "shadowgraph" method. 

t h e  boundary l a y e r  and the  t r a n s i t i o n  Reynolds numbers based on displacement 
thickness and on momentum thickness were not computed. 

Because the  sur face  roughness radi- 
I c a l l y  a l t e r e d  t h e  viscous flow f i e l d ,  values of t h e  proper t ies  a t  t h e  edge of 

A fu r the r  discussion of the ana lys i s  of t he  r e s u l t s  obtained during t h i s  
phase of t h e  program i s  given i n  r e f .  29. 

*Since t h e  screen overlay caused t h e  measured heat-transfer-rate d i s t r i -  
bution t o  devia te  so r ad ica l ly  from t h e  computed laminar d i s t r i b u t i o n , t h e  ap- 
p l i c a b i l i t y  of t hese  t r a n s i t i o n  results t o  o the r  roughness s i t u a t i o n s  is  ques- 
t ionable .  

22 



CONCLUSIONS 

Based on t h e  data and ana lyses  presented  h e r e i n  t h e  followinp; conclusions 
are made f o r  t h e  conf igu ra t ions  and t e s t  condi t ions  o f  t h i s  program. 

1. Gaseous i n j e c t i o n  had l i t t l e  effect on t h e  su r face  p re s su re  measurements. 

2. The agreement between t h e  t h e o r e t i c a l  and t h e  experimental  hea t - t r ans fe r  
ra te  i n  t h e  laminar reg ion  w a s  acceptab le ,  w i t h  t h e  except ions of  t h e  
hea t - t r ans fe r  data f o r  t h e  h igher  rates of f reon  i n j e c t i o n  and f o r  sc reen  
overlayed roughness models. 

3. For a given mass i n j e c t i o n  rate i n  a given d i s t r i b u t i o n  t h e  laminar  
reg ion  h e a t  t r a n s f e r  decreases  as t h e  molecular weight of  t h e  i n j e c t a n t  
decreases .  I 

I 

4. For a given i n j e c t a n t  i n  a given d i s t r i b u t i o n  t h e  laminar  reg ion  heat 
t r a n s f e r  decreases  as t h e  i n j e c t i o n  rate inc reases .  

5. A sa t i s ’ f ac to ry  empi r i ca l  c o r r e l a t i o n  of  heat t r a n s f e r  reduct ion  i n  
t u r b u l e n t  f low wi th  gas i n j e c t i o n  w a s  obtained by inc lud ing  t h e  s p e c i f i c -  
heat , r a t i o  i n  t h e  i n j e c t i o n - r a t e  parameter.  

6. For a given mass i n j e c t i o n  rate i n  a given d i s t r i b u t i o n  t h e  t r a n s i t i o n  
Reynolds number decreases  as t h e  molecular weight of  t h e  i n j e c t a n t  
decreases .  

I 

7. For a given i n j e c t a n t  i n  a given d i s t r i b u t i o n  t h e  t r a n s i t i o n  Reynolds 
number decreases  as t h e  i n j e c t i o n  rate inc reases .  

8. The h e a t i n g  rate d i s t r i b u t i o n s  confirmed t h a t  t he  shadowgraphs r e l i a b l y  
l o c a t e  t h e  end of  t r a n s i t i o n  and t h a t  t u r b u l e n t  b u r s t s  were normally 
l o c a t e d  i n  t h e  t r a n s i t i o n  zone. 

9. The momentum th i ckness  t r a n s i t i o n  Reynolds number f o r  t h e  methane 
i n j e c t i o n  runs i n d i c a t e  t h a t  t h e r e  is a s l i g h t  reduct ion  i n  ReB , tr as F inc reases .  However, t h e  momentum th i ckness  Reynolds number 
f o r  t h e  d a t a  from t h e  n i t rogen  runs  appeared t o  be  independent of F. 

10. For a given mass i n j e c t i o n  rate ( i n t e g r a t e d  over the  su r face  of  t h e  
e n t i r e  cone) ,  t h e  t r a n s i t i o n  l o c a t i o n  and hea t  t r a n s f e r  rates are 
s e n s i t i v e  t o  t h e  mass i n j e c t i o n  d i s t r i b u t i o n .  The t r a n s i t i o n  Reynolds 
numbers were s i g n i f i c a n t l y  g r e a t e r  when the l o c a l  i n j e c t i o n  rate w a s  
cons tan t  over t he  su r face  o f  t h e  cone, i . e . ,  Pwvw = C ,  than  when t h e  
l o c a l  i n j e c t i o n  rate decreased r a p i d l y  w i t h  d i s t a n c e  from the  apex. 

11. T r a n s i t i o n  Reynolds number r e s u l t s  ob ta ined  w i t h  a cons tan t  i n j e c t i o n  
d i s t r i b u t i o n  c o r r e l a t e d  w e l l  w i t h  prev ious ly  publ ished r e s u l t s  f o r  
o t h e r  gases  i n  a d i f f e r e n t  f a c i l i t y .  
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12. T r a n s i t i o n  Reynolds number r e s u l t s  ob ta ined  w i t h  a variable in j ec -  
t a n t  d i s t r i b u t i o n  were o c r r e l a t e d  w i t h  a l imited amount of data 
a v a i l a b l e  f o r  a degrading model tested i n  a d i f f e r e n t  f a c i l i t y .  

13. For a p a r t i c u l a r  i n j e c t a n t  t h e  l eng th  of  t h e  t r a n s i t i o n a l  zone 
decreases  as t he  i n j e c t i o n  rate inc reases .  
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TABLE I. - MODEL SUMMARY DATA 

Overlay Wires/inch Wire Diameter 
i n .  

28 0.005 

1 4  0.009 

K1 

K2 . 

A.  Basic Models 

Skin Material r 
Sol id  Nickel 

Sol id  Nickel 

S in te red  Nickel 
(Porous, Single  Skin) 

Sintered Nickel 
(Double, Porous Skin) 

Skin Thickness 
In .  

0.004 

0.004 

0.008 

0.008 

O C  
deg . 
- 

5.0 

12.0 

12.0 

12.0 

- 

~ ~- 

Base 
Diameter 
In.  

2.615 

3 - 950 

3 950 

4.028 

No. of Sensors 
on Primary Heat 
Transfer  Ray 

1 5  

1 5  

20 

20 

Primary hea t  t r a n s f e r  ray  w a s  A =  0' f o r  a l l  models 
Primary pressure r ay  (secondary hea t  t r a n s f e r  ray)  
was A =  135' f o r  a l l  models except t h e  last  which w a s  

= 225' 

B. Screen Overlays 

I n j e c t  an t  
Dis t r ibu t ion  

- 

- 
Variable 

Constant 
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